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ABSTRACT Two 19-base-long oligonucleotides were synthe- 
sized, one complementary to the normal human /}-globin gene 
(p A ) and one complementary to the sickle cell /3-globin gene (/3 s ). 
The nonadecanucleotides were radioactively labeled and used as 
probes in DNA hybridization. Under appropriate hybridization 
conditions, these probes can be used to distinguish the fi A gene 
from the f$ s allele. The DNA from individuals homozygous for the 
normal 0-giobin gene (p A p A ) only hybridized with the p A specific 
probe; the DNA from those homozygous for the sickle cell /3-globin 
gene (P $ p s ) only hybridized with the p s specific probe. The DNA 
from heterozygous individuals (P A P S ) hybridized with both 
probes. This allele-specific hybridization behavior of oligonucleo- 
tides provides a general method for diagnosis of any genetic dis- 
ease which involves a point mutation in the DNA sequence of a 
single-copy gene. 



Synthetic oligodeoxyribonucleotides have been shown to hy- 
bridize specifically to complementary DNA sequences (1-3). 
Under appropriate hybridization conditions, only perfectly 
base-paired oligonucleotide*DNA duplexes will form; duplexes 
containing a single mismatched base pair will not be stable. This 
high degree of hybridization specificity has led to the devel- 
opment of a general method for using synthetic oligonucleotides 
as specific probes to identify cloned DNAs coding for proteins 
of interest. Recently, this technique has been applied to the 
successful isolation of a human /^-microglobulin cDNA clone 
(4) as well as a murine transplantation antigen cDNA clone (5). 

Because a mutation in a single base in the DNA sequence of 
a gene would affect the hybridization behavior of an oligonu- 
cleotide complementary to the region of the mutation (2), oli- 
gonucleotide hybridization has the potential to provide a 
method of detecting single-base changes within genomic DNA. 
Point mutations are the cause of a substantial number of human 
genetic diseases (6). Synthetic oligonucleotides, therefore, 
could be used as specific probes for determination of genotype 
and aid in diagnosis of genetic disease, even prenatally. 
■ We chose the /3-gIobin gene as a model system to test the 
applicability of using synthetic oligonucleotides to detect a point 
mutation within a single copy gene. The /3-globin gene is a 
member of the single-copy jS-globin-like gene family which in- 
cludes the e-, °y-, A y-, 5-, and 0-gIobin genes arranged 5' to 
3' in order of expression during development (7). Recently, 
these genes have been cloned, restriction maps have been de- 
fined, and much of the DNA sequence has been determined 
for the coding and immediate flanking regions (8-11). Sickle 
cell anemia, a human genetic disease found predominantly in 
the Black population, is the result of a single base pair (bp) 
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change (adenine to thymine) in the j3-globin gene, correspond- 
ing to the sixth amino acid residue (changing glutamic acid to 
valine) in the /3-globin protein (12, 13). The sickle cell disorders 
follow a single-gene Mendelian mode of inheritance. Instead 
of the normal j3-gIobin genotype (p A p A ), individuals with sickle 
cell trait have one normal /3-globin gene and one sickle cell allele 
(P A p s ); those with sickle cell disease have two sickle cell alleles 
tfi s p s ) and no p A gene. 

In this report, we show that nonadecanucleotides comple- 
mentary to the /3-globin gene (/3 A ) or to the sickle cell allele 
(P s ) in the region of the sickle cell point mutation can: (i) dis- 
tinguish p A from p s as well as from other members of the p- 
globin-like gene family, (ii) specifically detect the single-copy 
j3-globin gene in human genomic DNA, and (Hi) allow the un- 
ambiguous determination of /3-globin genotype of individuals, 
confirming the hematological diagnosis of sickle cell trait or sic- 
kle cell disease. Applied to prenatal diagnosis of sickle cell dis- 
orders, this procedure offers several advantages over methods 
now available. iMore significantly, these techniques may be ap- 
plied generally for diagnosis of genetic diseases that involve a 
specific change — such as abase substitution, insertion, or dele- 
tion — in the DNA sequence of a single gene. 

MATERIALS AND METHODS 

Chemical Synthesis of Oligodeoxyribonucleotides of Unique 
Sequence. Nonadecanucleotides (Table 1) were synthesized on 
a solid support by the modified triester approach as described 
(14). 

32 P-Labeling of Synthetic Oligonucleotides. Synthetic oli- 
gonucleotides were labeled with adenosine 5' -[y- 32 P] triphos- 
phates (ICN, crude preparation, >7,000 Ci/mmol; 1 Ci = 3.7 
X 10 10 Bq) by a kinase reaction (1). Separation of labeled oli- 
gonucleotide from unlabeled nonadecanucleotide and reaction 
products by homochromatography (15) yielded oligonucleotide 
probes with specific activities of approximately 2 X 10 9 cpm/ 

Source of Recombinant DNA and Transformants, A-H/3G1 
and A-HyG5 and pBR322-H/3Pst clones were a generous gift 
of T. Maniatis. The pBR322-Hj3Pst plasmid contained a 4.4- 
kilobase (kb) Pst I fragment of p A subcloned in the Pst I site of 
pBR322 (16). DNA was isolated as described (3, 17). Recom- 



Abbreviations: bp, base pair(s); kb, kilobase(s); /3 A , normal /3-globin 
gene; p s , sickle cell /3-globin gene; p A p A , normal /3-globin genotype; 
P A p s , sickle cell trait genotype; p s p s , sickle cell disease genotype; A- 
H/3G1, recombinant bacteriophage constructed with DNA insert of 
human 6-globin and j8-globin genes; A-HyGJx recombinant bacterio- 
phage constructed with DNA insert of human y- and A y-globin genes; 
pBR322-H/3Pst, recombinant plasmid constructed with insert of human 
/3-globin gene. 
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Tabled. DNA sequence of synthetic oligonucleotide probes for 



normal /3-globin gene (/3 A ) and sickle cell )3-globin allele (13 s ) 



tiene 


Probe 


DNA sequence 




p a 


H019A 
H019A' 


5 'CT CCT GAG GAG AAG TCT GC 3 ' 
3 'GA GGA CTC CTC TTC AGA cg 5 ' 




H/319S 
H/319S' 


5 'CT CCT GTG GAG AAG TCT 
3 'GA GGA CAC CTC TTC AGA 


GC 3 ' 
CG 5 ' 



binant DNA was handled in accordance with the National In- 
stitutes of Health guidelines. 

Isolation of Human DNA. Peripheral blood samples (10-20 
ml) were collected from scientific personnel (normal for jS-glo- 
bin) or from patients with sickle cell trait (/3 A j3 s ) or sickle cell 
disease (P S P S ); all gave informed consent. DNA was isolated 
from leukocytes as described (18) with some modifications. In- 
stead of dialysis, the DNA was extracted three times with 
phenol/chloroform, 3: 1 (vol/vol), and treated with RNase (19). 
The average yield was 50 fig of DNA per ml of whole blood. 

Restriction Endonuclease Digestion of DNA. A-HjSGl DNA 
and pBR322-HjSPst DNA were digested at 1 enzvme unit/^g 
of DNA at 37°C for 30 min. Human DNA (10 fig) was digested 
at 5 enzyme units//£g of DNA at 37°C for 4 hr; additional en- 
donuclease was then added at 5 units / fig of DNA and digestion 
was continued for 12 hr or overnight. The restriction endonu- 
cleases used were BamHl, EcoRI, and Hpa I (Boehringer 
Mannheim). BamHl and Hpa I digestions were carried out in 
7 mM NaCl/7 mM Tris-HCl, pH 7.5/7 mM dithiothreitol/7 
mM magnesium acetate. The buffer for EcoRI was 100 mM Tris, 
pH 7.2/5 mM magnesium acetate/100 mM NaCl/0.02% Non- 
idet P-40. When double digestions were required, the amounts 
of enzyme and times of digestion were as described above ex- 
cept the endonuclease requiring low-salt buffer was used first. 
The buffer was then adjusted to higher salt conditions for diges- 
tion with EcoRI. Digestions were terminated by heating the 
sample at 65°C for 3 min. 

Electrophoresis and Hybridization of DNA. Digested DNAs 
were loaded into individual wells of a vertical (1 or 3 mm thick) 
1.0-1.2% agarose gel (SeaKem), electrophoresed at 1 V/cm at 
50 V for 750 V hr in a Tris borate electrophoresis buffer, stained 
with ethidium bromide (Calbiochem) at 0.25 fig/m\ for 30 min, 
and photographed over UV light (3, 20). The DNA was dena- 



tured in situ and transferred to nitrocellulose paper (21). Al- 
ternatively, the gel itself was dried for direct hybridization (22). 
After ethidium bromide staining, the gel was denatured with 
0.5 M NaOH and 0. 15 M NaCl at room temperature for 30 min 
and neutralized in 0.5 M Tris, pH 8.0/0.15 M NaCl at 4°C for 
30 min. The gel was then dried under vacuum onto Whatman 
3MM paper with a Hoefer gel dryer. The dry gel was rinsed in 
0. 15 M NaCl to remove backing paper. Nitrocellulose paper or 
the dried gel was sealed in plastic (Dazey Seal- A- Meal), hy- 
bridized, and washed as specified in the figure legends. The 
nitrocellulose or gel was blotted dry with Whatman 3MM pa- 
per, wrapped in Saran Wrap, and autoradiographed between 
two Quanta III intensifier screens (DuPont) at -80°C for 4 hr 
or 3-5 days. 

RESULTS 

Rationale of Specificity of Oligonucleotide Hybridization. 

The DNA sequences of the synthetic oligonucleotides used in 
this study are given in Table 1. The position and length of the 
sequence of the oligonucleotides were based on several criteria, 
(t) The oligonucleotide was designed to be 19 nucleotides long 
in order that this sequence would have a high probability of 
recognizing a unique sequence (23). H/319A and H019A' were 
specific for normal jS-globin DNA (j3 A ); Hj319S and H/319S' 
were specific for sickle cell /3-globin DNA (/3 s ). (it) The sickle 
cell mutation was positioned near the center of the sequence 
to maximize thermal instability of mismatch hybridization. (Hi) 
The sequences synthesized were not complementary to the 
e *> >S A y-> or 5-gIobin genes in the region of probe comple- 
mentarity (Table 2). 

The Hj319A' oligonucleotide (or H/319A) should form a per- 
fect hybrid with the j3 A DNA (Table 3). If the sickle cell point 
mutation (0 s ) is present, there would be one mismatched nu- 
cleotide at the site of the point mutation in the oligonucleo- 
tide-DNA duplex with Hj319A' (T/T mismatch) or H/319A (A/ 
A mismatch) probe. Conversely, Hj319S' (or H/319S) oligonu- 
cleotide probe should hybridize perfectly with /3 s DNA. How- 
ever, one mismatched nucleotide would be present in a duplex 
of j8 A DNA and H/319S' (A/A mismatch) or H/319S (T/T mis- 
match) oligonucleotide. 



Table 2. Amino acid sequence and DNA sequence of human 0-globin-like genes in the region of 
oligonucleotide hybridization 



Mismatches, no. 
H/319A H/319S 

5' 1 5 10 3' 



e 


...Met Val 


His 


Phe 


Thr 


Ala 


Glu 


Glu 


Lys 


Ala 


Ala 


Val ... 








...ATG GTG 


CAT 


TTT 


ACT 
1 


GCT 


GAG 


GAG 


AAG 


GCT 


GCC 
I 


GTC... 


2 


3 


G y 


...Met Gly 


His 


Phe 


Thr 


Glu 


Gly 


Asp 


Lys 


Ala 


Thr 


He ... 






A y 


...ATG GTG 


CAT 


TTC 


ACA 
1 


GAG 


GAG 


GAC 


AAG 


GCT 


ACT 
1 


ATC . . . 


7 


8 


8 


...Met Val 


His 


Leu 


Thr 


Pro 


Glu 


Glu 


Lys 


Thr 


Ala 


Val ... 








...ATG GTG 


CAT 


CTG 


ACT 
1 


CCT 


GAG 


GAG 


AAG 


ACT 


GCT 
1 


GTC... 


1 


2 


P A 


...Met Val 


His 


Leu 


Thr 


Pro 


Glu 


Glu 


Lys 


Ser 


Ala 


Val ... 








...ATG GTG 


CAC 


CTG 


ACT 
1 


CCT 


GAG 


GAG 


AAG 


TCT 


GCC 
1 


GTT... 


0 


1 


P S 


...Met Val 


His 


Leu 


Thr 


Pro 


Val 


Glu 


Lys 


Ser 


Ala 


Val ... 








...ATG GTG 


CAC 


CTG 


ACT 


CCT 


GTG 


GAG 


AAG 


TCT 


CCC 


GTT... 


1 


0 



1 I 



Italic nucleotides represent position of base-pair differences relative to the f3 A . The connecting line represents the position 
of oligonucleotide hybridization. 
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Table 3. Type of base-pair. mismatch in duplexes of synthetic 
oligonucleotide probe and DNA of p A and of /3 s 



0-Globin allele 



Probe 



Hj319A 
H/319A' 
Hj819S 
H/319S' 



Perfect match 
Perfect match 
T/T mismatch 
A/ A mismatch 



A/A mismatch 
T/T mismatch 
Perfect match 
Perfect match 



Selectivity of Oligonucleotide Hybridization to Tempera- 
ture. The effect of temperature on oligonucleotide hybridiza- 
tion to human jS-globin DNA is shown in Fig. 1. pBR322-H/3Pst 
DNA was digested with BamHl and subjected to electropho- 
resis in agarose gels in eight identical lanes; the DNA was dena- 
tured in situ and transferred to nitrocellulose by the standard 
Southern procedure (21). For each duplicate, one lane was hy- 
bridized with 5'- 32 P-labeled H/319A (perfect match) and the 
other with 5'- 32 P-Iabeled H019S (T/T mismatch) (Table 1). The 
temperature of the hybridization and the washes that followed 
were then varied as indicated. With hybridization at 45°C and 
wash at 0°C, hybridization to the 1.8-kb BamHl restriction frag- 
ment containing the 5' end of the j3-globin gene was evident 
with the Hj319A (perfect match) and, to a lesser extent, with 
the HjS19S (T/T mismatch) probe. Based on the length and 
DNA sequence of the oligonucleotide, it was calculated that 
55°C would be a temperature at which the nonadecanucleo- 
tide-DNA. complex would be stable only if base pairing were 
perfect (3). Hybridization of the gel at 45°C followed by a wash 
at 55°C removed hybridization with the H/319S probe (T/T 
mismatch), allowing stable hybridization only with the H/319A 
probe (perfect match). At a hybridization temperature of 55°C, 



45°/0° 



45755° 5570° 55°/55° 



i 



■ i 



i 



r 



i 1 
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only the H/319A (perfect match) probe hybridized to the 1.8-kb 
restriction fragment. Under these stringent conditions, only 
perfectly matched oligonucleotide* DNA duplexes were stable. 
Hybridization at the higher temperature increased specificity 
but resulted in a slightly decreased signal (compare 45/55 with 
55/55 in Fig. 1). 

Oligonucleotide Probes Can Differentiate /3-Globin Gene 
from Other /3-Globin-Like Genes. The stringent hybridization 
conditions established above were used to determine if the oli- 
gonucleotide probes could also distinguish the j3-globin* gene 
sequence from those of the /3-globin-like genes. The recombi- 
nant bacteriophage A-H/3G1 contains both the 5- and /3-globin 
genes; A-HyG5 contains the human G y- and A y-globin genes 
(17). There is one base-pair difference in the region of H/319A 
hybridization between 8- and j3-globin genes, and seven nu- 
cleotide changes in this region between G y- or A y- and )3- globin 
(Table 2). These two DNAs were digested with EcoRI and hy- 
bridized with 5'- 32 P-labeIed H/319A (Fig. 2). At 45°C the la- 
beled probe hybridized to the fragment containing 5-globin (T/ 
T mismatch) as well as to the fragment containing the j3-globin 
gene in A-H/3G1 DNA (perfect match). At 55°C, only hybrid- 
ization to the fragment containing the j3-globin gene was evi- 
dent. The A-HyG5 DNA, with seven noncomplementary bases 
in the region of hybridization, did not hybridize to the probe 
at either temperature. 

Detection of /3-Globin Gene in Human Genomic DNA. Be- 
cause the sequence of the /3-globin gene has been determined 
and extensive restriction maps have been established (11), it is 
possible to predict the fragment sizes expected to contain the 
5' region of the j3-globin gene if total human genomic DNA 
were digested with various restriction endonucleases. Fig. 3A 
shows the results for digestion of A-Hj3Gl DNA and human 
genomic DNA normal for the /3-globin gene ()3 A j3 A ) with 
BamHl or double digestion with either BamHl/ EcoRl or Hpa 
1/EcoRI. From the known restriction map of the j3-globin gene 
(11), the sizes of restriction fragments predicted to contain the 
5' end of the /3-globin gene are: 1.8 kb, BamHl; 1.8 kb, BamHl/ 
EcoRl; 2.2 kb, Hpa I/EcoRI (Fig. 3B). A H/3G1 was similarly 
digested and included on the gel as a marker. In the Bam HI 



-7.2 Kb 



-5.2 Kb 



I 



I 



I 



Fig. 1. Effect of temperature on the hybridization of oligonucleo- 
tides to globin DNA. Individual lanes of pBR322-H0Pst DNA (1 ng) 
digested with BamHl were hybridized for 16 hr in hybridization buffer 
[5x Denhardts (lx modified Denhardts is 0.02% bovine serum albu- 
min/0.02% polyvinylpyrrolidone/0.02% NaDodSO 4 /0.02% Ficoll) 
containing 10% dextran sulfate (Pharmacia or Sigma), 6x NET (lx 
NET is 0.15 M NaCl/0.03 M Tris-HCl, pH 8.0/1 mM EDTA), and 0.5% 
Nonidet P-40]. The buffer also contained (10 6 cpm/ml) of a labeled 
oligonucleotide probe [5'- 32 P]H/?19A (perfect match) (lanes 1) or [5'- 
32 P]Hj319S (T/T mismatch) (lanes 2). After hybridization at 45°C or 
55°C as indicated, each nitrocellulose paper strip was washed with 
three changes (15 min each) of 0.9 M NaCl/0.09 M sodium citrate at 
0°C. Half of the filters were then washed for 1 min at 55°C, as indicated 
(the numbers at the top of the figure indicate hybridization temper- 
ature first and wash temperature second). The ethidium bromide- 
stained gel is shown at. the left. Arrow, position of the 5' end of the j3- 
globin gene. 



-2.25 



Ay- 



-2.7 Kb 



45° 55° 



45° 55° 



Fig. 2. Hybridization of 32 P-labeled H/319A to G y-, A y-, and )3- 
globin genes. Duplicate samples of A-H/3G1 DNA {Left) or A-HyG5 
{Bight) (0.25 Mg) were digested with£coRI and hybridized with 5'- 32 P- 
labeled H019A probe at either 45°C or 55°C for 18 hr (as in Fig. 1). The 
positions of the £coRI restriction fragments containing the 5' end of 
each globin gene are noted to the left of the ethidium bromide-stained 
gels. 
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Fig. 3. Hybridization of 32 P-labeled Hj319A' to human genomic 
DNA digested with different restriction endonucleases. (A) A-H0G1 
DNA (lanes a) or 10 fig of human genomic DNA (lanes b) (j3 A /3 A ) was 
subjected to single or double digestion as indicated. After electropho- 
resis, the agarose gel was dried, hybridized with [5'- 32 P]H/319A' at 10 7 
cpm/ml for 2 hr at 55°C, washed at 0°C (Fig. 1), and then given a 1-min 
wash in 0.9 M NaCl/0.09 M sodium citrate at 55°C. A-H/2G1 was loaded 
at 150 pg as a control for intensity of hybridization of a single copy 
gene, except that in the BamHl/EcoRl double digestion 300 pg of DNA 
was loaded. (B) Localization of selected restriction enzyme sites for 
£coRI, BamHl, and Hpa I (10). The expected sizes of the BamHl or 
BamHl/EcoTa fragment (1.8 kb) and the Hpa l/EcoBl fragment (2.2 
kb) are indicated. 

and the Hpa I/EcoRl lanes, the amount of A-Hj3Gl DNA 
loaded was equivalent to a single-copy gene in 10 fig of human 
DNA (5 x 10" 6 pmol). In each digestion, the hybridizing band 
in the genomic digests comigrated with the restriction frag- 
ments containing the 5' end of the j3-gIobin gene in the A-H/3G1 
marker DNA (Fig. 3A). In addition, the level of hybridization 
of the hybridizing band in the genomic digests was as expected 
for a single-copy gene, based on the hybridization obtained for 
the A-H0G1 DNA. 

Determination of Gene Dosage of ($ A and f$ A Allele in Hu- 
man Genomic DNA. Genomic DNAs from patients previously 
diagnosed as normal for )3-globin Q3 A j3 A ) or having sickle cell 
trait 03 A j3 s ) or sickle cell disease (f3 s f3 s ) were digested with 
BamRl endonuclease and subjected to electrophoresis in du- 
plicate. For one half of the gel, the genomic DNAs with an ap- 
propriate marker for the 5'-end of f$ A gene (A-Hj3Gl digested 
with BamHl) were hybridized with H019A' probe (j3 A , perfect 
match; /3 s , T/T mismatch) (Fig. 4A). The duplicate lanes were 
hybridized with Hj319S probe ()3 A , T/T mismatch; j6 s perfect 
match) (Fig. 4B). In Fig. 4A, the 1.8-kb BamHl restriction frag- 
ment hybridized with H/319A' for normal (j3 A j3 A ) and sickle cell 
trait (/3 A j3 s ) genomic DNA. The level of hybridization to the 5' 



Fig. 4. Hybridization of [ 32 P]nonadecanucleotide (H/319A' and 
H019S) to human genomic DNA. A-H/3G1 DNA (150 pg) and duplicates 
of genomic DNAs (10 fig) p A p A , p A p s , and p s p s , were digested with 
BamHl and electrophoresed. The gel was dried and half was hybridized 
with [5'- 32 P]H/319A' (A); the other half was hybridized with [5'- 
32 P]Hj319S (B) at 10 7 cpm/ml for 2 hr at 55°C. The gels were washed 
at 0°C and twice, for 1 min each, in 0.9 M NaCl/0.9 M sodium citrate 
at 55°C. The gel pieces were realigned and autoradiographed. The 1.8- 
kb fragment containing the 5' end of the /3-globin gene is indicated by 
the arrow. 



end of the globin gene fragment for normal DNA was noticeably 
greater than that for sickle cell trait DNA. Very little hybrid- 
ization was seen with (/3 S /3 S ) DNA with the H/319A' probe (T/ 
T mismatch). When the HjS19S probe was hybridized in the 
duplicate lanes, the probe hybridized to the 1.8-kb fragment 
in the j3 s /3 s and j8 A j3 s DNAs but not to the 0 A /3 A DNA (T/T 
mismatch) (Fig. 4B). Again, the level of hybridization with the 
H/319S probe was greater with j3 s /3 s DNA than with j8 A /3 s 
DNA. 

DISCUSSION . 

We have demonstrated in this report that synthetic oligonu- 
cleotides recognizing a specific sequence of DNA can detect a 
single-copy gene in human genomic DNA. The nonadecanu- 
cleotide probes can differentiate the /3-globin gene from other 
members of the /3-globin-like gene family and can distinguish 
the normal /3-globin gene (j3 A ) from the (3 s allele, a difference 
of a single nucleotide change. 

In this study, 1 bp mismatch out of 19 bp decreased the ther- 
mal stability of the oligonucleotide*DNA duplex. Hybridization 
and wash conditions were established that would allow discrim- 
ination of j3 A DNA from DNAs containing a single base change 
such as 5-globin and J3 S genes, as well as other genes in the /3- 
globin-like gene family. The type of nucleotide mismatch — 
e.g., A/A, T/T, etc. — could be expected to have an effect on 
the stability of the complex. However, our results showed that 
the hybridization patterns of nonadecanucleotide-DNA du- 
plexes with a T/T bp mismatch [H/319A' with j3 s DNA, H019S 
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P or deletion not analyzable * ""j^^ty according to 
ofthe oligonucleotide can be ^designed y ^ 
need. This eliminates dependency of occu , 

ognition site alteration ™« a * £ herefor e ( this tech- 

Ice for any given pomt J ^g^™ rf ^ ddde cell 
nique can be applied not only to tne a » ^ single 

a li q ele(^)butalsotod e tec^ 28 
base changes recently reported to ^ p ■ deficiency 
for review), ^»2£ which do not affect any 
disorders (30). These ft"^^^ site, could be de- 

scribed herein. 
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